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        In this work we report hybrid synthesis of hetero-structured metal oxide nanoarrays 
namely ZnO/Ga2O3 and WO3/BiVO4 on desirable substrates for photoelectrochemical 
(PEC) water splitting under visible light. These hetero-nanostructured arrays were 
synthesized and fabricated by hybrid two-steps, physical approach and hydrothermal 
methods. 
        Hetero-structured ZnO/Ga2O3 was synthesized and fabricated on indium oxide tin 
oxide (ITO) substrate from alkaline (pH = ~13) aqueous solution containing ZnO and 
Ga2O3 individually. XRD analysis revealed that the fabrication of ZnO/Ga2O3 hetero-
structured. FESEM characterization showed the formation of well-aligned nanorods 
arrays along with hexagonal shape on the entire surface of the ITO substrate. Optical 
properties confirmed the ability of ZnO/Ga2O3 thin film for harvesting visible light 
efficiently. Furthermore the photoelectrochemical properties was investigated under 
visible light with chronoamperometry (CA) and linear sweep voltammetry potentiostatic 
(LSVP) techniques. The photoresponse increased with increasing Ga2O3 amount and 
reached the peak value 0.60 mA/cm
2
 with coating of thin layer of gold due to surface 
plasmon resonance of gold nanoparticles. 
xvii 
 
        In addition WO3/BiVO4 hybrid metal oxide nanoflakes was synthesized and 
fabricated on (ITO) substrate from strong acidic (pH = ~1) aqueous solution containing 
WO3 and BiVO4 separately. XRD pattern showed the formation of WO3/BiVO4 hetero-
structured metal oxide. FESEM analysis revealed the growth of nanoflakes. UV – VIS 
analysis explored the possibility of visible light harvesting of WO3/BiVO4 thin film. CA 
and LSVP were investigated for WO3/BiVO4 photoanode and illustrated the stability of 
thin film versus photo-corrosion and response enhanced with increasing annealing 
temperature. The peak value was 0.109 mA/cm
2
 for WO3/BiVO4 thin film.
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  الرسالةملخص 
  براهيمإأكرم عبد الله محمد  الاسم الكامل:
ستخدامها في تطبيقات تفكيك إتحضير و تصنيع الأكاسيد المعدنية المختلطة و تشخيصها لغرض  عنوان الرسالة:
  الماء.
  علوم الكيمياء التخصص:
  6102مايو  تاريخ الدرجة العلمية:
في هذا البحث تم تحضير وتصنيع بعض  الأكاسيد المعدنية المختلطة مثل أكسيد الزنك/ أكسيد الجاليوم و أكسيد 
فكيك الماء ت ستخدامها في تفاعلات لإالتنجستان/ أكسيد الفانديوم بزموث النانوية، علي بعض الأسطح (الموصلة) 
طريق التفاعلات الكهروضوئية باستخدام الضوء المرئي. هذه الأكاسيد المعدنية المختلطة تم تحضيرها في عن 
 فتين الطرق الفيزيائية و الطرق الحرارومائية.لخطوتين بطريقتين مخت
التركيبة  المختلطة من أكسيد الزنك/أكسيد الجاليوم تم تحضيره و تثبيته علي سطح زجاجي موصل مصنوعة من 
) تحتوي علي أكسيد الزنك و  ~31أكسيد الإنديوم و أكسيد القصدير في محلول مائي قلوي (الرقم الهيدروجيني = 
أكسيد الجاليوم . تحليل أشعة الحيود السيني أشار الي تكون التركيبة المختلطة من أكسيد الزنك/أكسيد الجاليوم. 
روني أشار الي تكون أعواد نانوية قائمة مع الشكل عن طريق المجهر الإليكت السطحي التشخيص بواسطة المسح
السداسي علي سطحه فوق كل السطح الزجاجي (الموصل). الخواص الضوئية لهذا التركيبة المختلطة من أكسيد 
الزنك/أكسيد الجاليوم تم دراسته بواسطة جهاز مقياس الأشعة فوق البنفسجية و أشار الي أن هذا الخليط يستطيع أن 
ء المرئي بكفاءة عالية.  بالإضافة الي أنه تم  دراسة مقدرة الأكسيد المختلط علي الإستجابة للضوء يمتص الضو
فولتاميتري . هذه الإستجابة للضوء المرئي  ببإستخدام الضوء المرئي بتقنية الكرونوأمبيروميتري و لينير إسوي
) مع إضافة عنصر الذهب  و عزي  2ير/سمملي أمب 06.0تطور مع زيادة تركيز أكسيد الجاليوم و وصل أعلاها (
 هذا الي الرنين البلازموني السطحي لجسيمات الذهب.
تحضيره و تثبيته علي السطح الزجاجي  تم أما التركيبة المختلطة من أكسيد التنجستان/أكسيد الفانديوم بزموث
الي الحمضية (الرقم (الموصل) المصنوع من خليط  أكسيد الإنديوم و أكسيد القصدير من محلول مائي ع
) يحتوي علي أكسيد التنجستان و أكسيد الفانديوم بزموث. تم التأكد علي تكون التركيبة المختلطة 1~الهيدروجيني = 
 xix
 
عن  السطحي أكسيد التنجستان/أكسيد الفانديوم بزموث بواسطة أشعة الحيود السينية. التشخيص بواسطة المسح
كون رقائق نانوية. تم التأكد أيضا علي مقدرة التركيبة المختلطة من أكسيد طريق المجهر الإليكتروني أشار الي ت
التنجستان/أكسيد الفانديوم بزموث علي إمتصاصه للضوء المرئي بواسطة جهاز مقياس الأشعة فوق البنفسجية. و 
ه وتبين أن هذا الأنود عليه تم دراسة تقنية الكرونوأمبيروميتري و الينير إسويب فولتاميتري للتركيبة المختلطة أعلا
ثابتة ضد التآكل الضوئي، و أن الإستجابة للضوء المرئي تضاعف مع زيادة درجة حرارة التصليب وسجل أعلي 
 ).2ملي أمبير/سم 901.0إستجابة عند (
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CHAPTER 1 
INRODUCTION 
1.1 The energy crisis: 
 
        As a result of revolution of the industry the demand of energy has been increased as 
well as due to an exponential increase of the world population. At the moment there are 
over seven billion in the globe, utilizing 15 TW of energy. By 2050, it is expected that ~ 
9 billion will be in the world and 30 TW is required from energy. The major challenge to 
the world nations is to providing enough amount of energy.  Currently over 80 % of the 
required energy are producing from fossil fuels, i.e. natural gas, oil and coal see Figure 
(1). However, these are limited resources of energy, and their depletion rate is too high. 
Although, there are information expecting that the current energy resources reserves are 
sufficient for centuries, the reserves diminishing will be touched soon, due to many of 
these reserves are inappropriate, which is reflected by the challenges of the extraction 
procedures. Thus, the supply demand associated is no longer flexible. Since 2005 the 
international production of oil reached 75 million barrels daily, there are fluctuating in 
international price of oil between 40 to 130 US$ per barrel [1]. For extra elaboration of 
this urgent issue, the WWF lately announced a report indicating that if anyone in the 
globe utilized oil at the similar rate of US resident, Saudi, or Singaporean the 
international reserves of oil should be diminished in less than 10 years [2]. The major 
cause of the climate change is carbon dioxide (CO2), which is producing from emission 
of greenhouse gas as a result of relying on fossil fuels. The reported data show that more  
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Figure 1: Renewable energy as share of total primary energy consumption, 2011. U.S 
energy information. 
 
than 150,000 deaths annually [2] due to climate change, this encouraged to search 
alternative, clean, emission free source of energy instead of fossil fuel. With the starting 
of the industrial revolution the CO2 level in atmosphere was 280 ppm, this level has been 
increased significantly up to 400 ppm recently [3] with increasing rate of ~2 ppm/year. 
        The international panel on climate change (IPCC) proposed for keeping the CO2 
level below 450 ppm to avoid increasing in the global temperature more than 2 °C [4]. To 
get opportunity of pursuing that with next 5 years, the emission of greenhouse gas 
necessity required to decline along with reduction of industrialized world up to 20 % as 
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in 1990 [5]. The work above is very huge, however it is fortunately possible utopia. 
Ecofys mentioned methods to overcome this problem experimentally with possible 
solutions [5].   These methods it can be seen in Figure (2). The below methods might 
encourage, potential solution. Government, scientist and industries etc. need to work as a 
team and they need to begin as soon as possible. The optimal transition route from the 
current fuels to renewable source is a big argument. Technological consideration and its 
economic advantage need to be investigate.   First of all renewable and sustainable 
energy sources have to be used as alternative of fossil fuels in a large scale, to decrease 
the emission of the greenhouse gases by around 80 % from energy sector within 30 
coming years. As a second option electrification policy and crucial condition need to 
adjust for energy saving. Thus, it is expected that the required energy by 2050 will be 
around 15 % less than in 2005. 
 
Figure 2: Ecofys scenario for fossil fuel to renewable energy transition. 
1.2 Motivation and Background: 
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         Clean energy is one of the major problem of 21
th
 century. Global population has 
passed seven billion. Technology are expected to supply [~ 20 – 40 terawatts] of energy 
for human around the world.  Although this significant increase in demand non-
renewable source is the main source of fuels. Thus this led to contamination, climate 
changed and reduced the quality of human and planet life globally. To overcome this 
problem without affecting our planet, producing energy from renewable energy sources 
was proposed as alternative fuels such as wind, biomass and water etc. After the effort of 
Fujishima [6] to produce hydrogen from water using Titania hydrogen was proposed as 
future fuels. Hydrogen is promising candidates as future fuels, because it is free emission 
and clean energy source. Photocatalytic and photoeletrochemical water splitting have 
received a great deal of attention because it can overcome the pollutions [7] by direct 
conversion of solar power into chemical energy such as hydrogen. In contrast the 
efficiency of conversion of solar to hydrogen by Titania is basically restricted due to 
large band gap 3.2 eV that limited the response to UV region and recombination of 
carrier charge was very high [8]. Different methods were utilizing to produce hydrogen 
from various source such as steam reforming of methane gas (SRM) in two steps process, 
reaction of methane gas with water vapor in the presence of catalysis and elevator 
temperature following by reaction of carbon monoxide with water vapor at low 
temperature, secondly production of hydrogen from cool (gasification) and drawbacks of 
both methods are the emissions of CO2 and non-renewable sources. Another method to 
generate hydrogen is water electrolysis and this may utilize high energy and an 
expensive. The most attractive and promising one is the production of hydrogen using 
solar energy. Although water splitting is an expensive but it is the most favorable and 
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promising method because it is highly efficient and free emission energy source. A 
number of semiconductors such as TiO2 and SrTiO3 have been demonstrated to have the 
ability to split water under ultraviolet (UV) light irradiation. However, less than 5% of 
the total solar energy that illuminates earth is in the form of UV. Thus numerous effort 
have been made to improve the photocatalytic materials that can utilize the visible region 
of the solar spectrum such as cation doping, anion doping and formation of hetero-
structure metal oxide. Formation of hybrid metal oxide is the most promising aspect such 
as WO3/BiVO4 and ZnO/Ga2O3 because it is inexpensive, chemically and mechanically 
stable and have desired band gap. 
        In the recent years, there is an increasing demand of nanomaterials. Nanomaterials 
are in the form of nanoparticles, nanowires, nanotubes and nanorods etc. The rising 
demand is because of their properties. It is believed that hetero-structured metal oxides 
nanoarrays have large site of interaction, so it can allow the improvement of properties 
with completely modified electronic structure and the band gap absorb visible light. 
BiVO4/Co3O4, and WO3/Fe2O3 are examples of nanostructured films of hetero-junction 
which can improve the charge separation. Mixture of metal oxides nanotubes / 
nanosheets which can provide high surface area and narrower band gap, are good 
candidate to produce hydrogen through photoelectrochemical process. In this context, 
hetero-structure metal oxide nanoarrays, such as Cu2O/TiO2, WO3/BiVO4, and 
ZnO/Ga2O3 have emerged as the most promising candidates as photocatalysts for 
hydrogen production from water due to their high chemical stability, synthetic feasibility 
and desired band gap [9, 10, 11]. However the selection of the materials for practical PEC 
water splitting is limited. Figure (3) represent the band edge and band gap place of 
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representative semiconductors. They should be stable in strong alkaline and /or acidic 
conditions for excellent electrolyte conductance. Band gaps should be higher to 
recompense unavoidable voltage losses, for instance electrode over-potentials and device 
series (ohmic) resistance. 
        Among metal oxides, only large band gap ones such as TiO2 and ZnO can cover the 
water reduction and water oxidation potentials [12]. However, the large band gap (only 
responsive to UV light (<400 nm) limits their visible light absorption and 
photoelectrochemical water splitting. On the other hand, small band gap metal oxides 
such as WO3 possess conduction band potentials more positive than water reduction 
potential, and hence, the application of external voltage are necessary to split water. 
Therefore, development of visible-light driven photocatalysts that can efficiently convert 
the solar energy into chemical energy and inhibit the electron-hole recombination is 
highly demanding. Many approaches were developed in terms of preparation of hetero-
structured metal oxides in nanoscale level such as chemical vapor deposition (CVD), sol 
– gel and hydrothermal methods etc. Among these, our targeted materials will be 
prepared by hybrid physical appraoches and hydrothermal method to grow metal oxide 
on the suitable substrate such as fluorine doped tin oxide (FTO) glass coated substrate or 
indium oxide tin oxide (ITO) substrate. Photoelectrochemical (PEC) water splitting is a 
process that use an external source of electricity to split water. In recent years [13] 
advanced oxidation processes (AOPs) have been suggested as various approach for the 
degradation of recalcitrant organic compounds in air [14], soil [15] and water [16]. 
Heterogeneous photoelectrochemical received great attention among the AOPs [17]. This 
approach mainly rely on the illumination of the semiconductor with solar energy greater   
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Figure 3: Band gaps and edges positions of representative semiconductors in relation to     
the redox potential for water splitting at pH =0 [ Reproduced with permission of the 
RSC] 
 
 or equal to the semiconductor band gap energy. Semiconductors are materials identified 
by two bands of energy isolated by the band gap energy, Eg. At absolute zero 
semiconductor is insulating, due to occupation of valence band and unoccupation of 
conduction band. Charge carrier need to be formed in order to make it conductive, as 
usual via photoexcitation. The fundamental principle is that when the surface of thin film 
semicondutor is illuminated by light (hν ≥ Eg) energy, there is formation of an 
electron/hole pair (e
-
/h
+
) by the transfer of electron from valence band (VB) to 
conduction band (CB) equations 1 – 4  [17,18].      
MO +   hν            MO-e-CB + MO – h
+
VB                   Eqn (1) 
H2O + h
+  
        ½ O2 + H
+ 
  (OER; Oxidation)             Eqn (2) 
H
+
 + 2e
-
        H2 (HER; Reduction)                            Eqn (3) 
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H2O           ½ O2 + H2 (∆G = + 237.2 KJ mol
-1
)          Eqn (4) 
 Despite heterogeneous photoelectrochemical is promising and applying in water 
splitting, however its experimental utilization has been limited due to its low photonic 
efficiency, due to   recombination of the e
-
/h
+
 pair as mentioned in the equation 5 [19,20].   
MO – e-CB + MO – h
+
VB                MO + heat           Eqn (5) 
        Many attempt have been carried out to isolate charge carriers and decrease their 
recombination rate [20, 21]. The incorporation of photocatalysis and electrochemical 
process offer opportunity to isolate photo-generated e
-
/h
+
 pairs by gradient potential 
[22,23]. Particularly, when the photocatalyst is in contact with the conductive substrate 
(photoanode), there is the chance to apply an anodic bias potential to the semiconductor 
and to modify the substrate /electrolyte interface. This process enhance the charge 
isolation efficiency by driving the photo-generated electrons by external circuit to the 
counter electrode [20, 22-24] the mechanism of photoelectrochemical water splitting 
showing in Figure (4). The significant part of photoelectrochemical water splitting is the 
catalytic materials used as photoanode in the water splitting process. Water splitting 
requires effective electro-catalysts to produce hydrogen to attain high current density at 
low over-potential. The efficiency is enhanced when platinum (pt) used as the catalysts. 
However, pt remains as an expensive metal and suffers from a shortage in global supply 
[25, 26] alternative materials have been considered. Low cost, earth abundant tungsten, 
bismuth, vanadium, gallium and zinc electro-catalysts are considered as the most 
promising alternatives catalysis for efficient hydrogen generation instead of pt, which 
attracted numerous researchers’ interests. Among those electro-catalyst, hetero-structured 
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metal oxide nanoarrays have been reported to exhibit catalytic activities for the water 
splitting [27, 28]. However, solar energy offers a clean, abundant and unlimited energy 
resource to man-kind and provides a green way to fulfill the global demand for free 
emission energy [29]. The sunlight provides us with a wide range of spectrum of 
applications such as solar heating, photovoltaics, photoelectrochemical water splitting, 
photosynthesis, and photocatalysis. Hydrogen generation through photoelectrochemical 
(PEC) water splitting using solar light as an energy resource is believed to be a clean and 
efficient way to address the global energy and environmental problems [30,31,32]. The 
solar radiation in Kingdom is very intense and development of active materials that can 
harvest the solar energy will significantly contribute to the economy of the Kingdom of 
Saudi Arabia. 
 
Figure 4: Schematic illustration of charge separation and recombination mechanism in 
the photoelectrochemical process where gradient potential is created 
Working electrode 
Counter electrode 
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1.3 Aim of the Study: 
 
        Pollution is the serious problem against environment, because it has negative impact 
on the land, water and air we breathe. For instance airborne nitrogen pollution, carbon 
dioxide emissions (CO2) and acid rain. These problems raises due to human activities 
from depending on fossil fuels. When fossil fuels burned by humans they emit carbon 
dioxide (CO2), nitrogen oxide (NOX) and Sulfur oxide (SOX) into atmosphere. As a result 
of releasing these materials into atmosphere climate changed, acid rain etc. to overcome 
this problems many steps have been considered, one of them is to replace fossil fuels by 
renewable energy sources such as water, biomass and winds etc. since hydrogen proposed 
as alternative fuels, our aim in this study is to split water into hydrogen and oxygen 
through environmental benign methods. Furthermore we aim to develop materials that 
can harvest visible light to perform water splitting. These materials should have desired 
band gap and free from defects.      
1.4  Methodology: 
 
         Preparations of thin films were performed using two steps hybrid method for both 
ZnO/Ga2O3 and WO3/BiVO4 thin film which are physical approach using sputtering and 
wet chemistry (hydrothermal approach) according to literature [33,34], by mixing the 
precursor solutions for each metal. These synthesized nanoarrays and naoflakes metal 
oxides were characterized by X – ray diffractometer (XRD), field emission scanning 
electron microscope (FESEM), energy dispersive X – ray Spectroscopy (EDS), and 
Raman Spectroscopy. The optical properties of those materials were studied by 
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photoluminescence (PL) and UV – VIS Spectroscopy. photoelectrochemical cell was 
developed for water reduction and oxidation. Metrohm autolab (B.V) 
potentiostat/galvanostat PGSTAT 10 used as a potential source, visible light was created 
using solar simulator (oriel) class 3A along with 1.5 AM (1sun).    
1.5 Research Objectives: 
 
 1. To synthesis and fabricate binary semiconductor zinc oxide/gallium oxide hetero- 
     juction (ZnO/Ga2O3) photoanode nanoarrays. 
2. To synthesis and fabricate tertiary semiconductor tungsten oxide/bismuth vanadium 
     oxide (WO3/BiVO4) hetero-junction photoanode nanoflakes.  
3. To characterize them using standard methods such as XRD, FESEM, UV - VIS and  
     Raman spectroscopy. 
4. To develop photoelectrochemical cell for water splitting under visible light. 
1.6 Thesis Organization: 
 
        As for the structure of this thesis, it is divided into five (5) main chapters. It starts 
with the introduction and motivations in Chapter one (1), where the aim of the study, 
main objectives, the methodology and technique are presented. This is followed by a 
brief review of related literature in Chapter two (2) about the crystal and nanostructure 
of ZnO, Ga2O3, WO3 and BiVO4. In addition to configuration of hetero-structure of 
ZnO/Ga2O3 and WO3/BiVO4 photoanodes for water splitting. In chapter three (3) the 
synthesis and fabrication of ZnO/Ga2O3 thin film are showed with broad details. This 
include all steps of experimental from synthesis and characterizations with different 
12 
 
technique, furthermore results and the discussions of the formation of ZnO/Ga2O3 hetero-
structure followed by the photoresponse and linear sweep voltammetry potentiostatic as 
an indication of water splitting. Synthesis and fabrication of WO3/BiVO4 photoanode are 
discussed with more details in chapter four (4). All practical’s methods with 
identifications tools in addition to scientific interpretations of the photo-activity of the 
WO3/BiVO4 photoanode. The outcome and conclusion of this study with brief 
recommendation have been presented in chapter (5). 
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CHAPTER 2 
LITERTURE REVIEW 
2.1 Zinc Oxide/Gallium Oxide Nanoarrays for Water Splitting:  
2.1.1 Zinc Oxide Nanostructure: 
 
        Semiconductor metal oxide nanoarrays with high surface area and small diffusion 
length are classified as photoanode/electrode materials that can split water under solar 
light via photoelectrochemical process. Nb2O5, CeO2, ZrO2, ZnO are examples of 
different metal oxides have been tested as photoanodes in solar cell. In contrast the 
benefit given by high surface area of nanostructure is restricted due to charge collection 
by the photoelectrode. Well – aligned nanoarrays with high crystallinity was improved 
and developed for rapid charge transfer in solar cell. Grätzel et al reported that high 
surface area of TiO2 nanocrystal has been covered by a monolayer of dye molecule to 
harvest solar light. Zinc (II) oxide demonstrated larger electron transfer for the typical 
conduction band energies and band gap in comparison with titania.  
        Dye sensitized solar cell (DSSC) is favorable candidate as alternative energy devices 
because it is inexpensive and highly effective. Certain attempts have been concentrated in 
applying zinc oxide in dye - sensitized DSSC. Baxter et al applied zinc oxide nanowire in 
DSSC as photoelectrode, The outcomes of baxter configuration of solar cell was 1.3 
mA/cm
2
 in terms of photocurrent , 0.7 V, 0.3% and 0.35 – 0.40 as photovoltage, total 
efficiencies and fill factor respectively. Electron transfer via the nanoarrays is not 
enforced by nanoarrays dimensions. Wang et al used facile and inexpensive approach for   
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Figure 5: Schematic illustration of nanowire-based dye-sensitized solar cell. 
 
preparing ZnSe/ZnO core-shell nanoarrays on large area, transparent, conducting 
substrate. Optical and structural properties have been investigated by different technique. 
Photoconductivity and absorption measurement gave an enhanced photoresponse for ZnO 
band gap. Figure (5) illustrate crystal structure of ZnO nanostructured in relation to the 
photoelectrochemical properties. 
2.1.2 Crystal Structure of Zinc Oxide: 
 
        Wurtzite ZnO has crystal structure with hexagonal phase (space group C6mc), lattice 
data c = 0.52065 nm and a = 0.3296 nm. ZnO structure briefly can be explained as a 
construction of different planes coordinated tetrahedrally in Zn
2+
 and O
2-
 ions see figure 
(6). Arranged alternatively with c-axis.  Pyroelectrically and piezoelectrically obtained as 
a result of non-central symmetric of tetrahedral coordination of zinc oxide. Polar surface 
is other vital properties of zinc oxide. Basal plane is well known polar surface of ZnO. 
Variation of surface energy in addition to spontaneous polarization and normal dipole 
moment in ZnO obtained as arrangement of positive Zn – (0001) and negative charged O  
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Figure 6: Wurtzite structure of ZnO the tetrahedral coordination of Zn - O is given 
 
– (000-1). Nemours effort of reconstruction of surface have been paid to the polar surface 
of ZnO in order to get stabilized structure. Zinc oxide with plane phase ±(0001) are stable  
and flat even in the absence of intensive construction [35, 36]. [2-1-10] and [01-10] 
various facets of ZnO which are non-polar surface and have less energy than [0001] 
facets. Much work have been carried out to understand the high stability of zinc oxide ± 
(0001) polar surface nowadays in physics surface research [37- 40]. 
2.1.3 Gallium Oxide Nanostructure:  
 
        Much attention have been given to study gallium ability in hydrogen production 
from water under solar energy, after the effort of inoue et al by ZnGa2O4 zinc gallate 
[41]. They noticed overall water dissociation at maximum rate of 40 μmolh-1g-1 by using 
RuO with zinc gallate. Domen et al [42] reported enhancement in hydrogen production 
rate to 3300 μmolh-1g-1 in a solid solution of zinc oxide and gallium nitride formed from 
dissociation of zinc gallate. Zinc (II) oxide and gallium (III) oxide nitridation produce 
(Ga1 – xZnx) (N1 – xOx), which possess higher quantum efficiency and excellent stability. 
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Production of hydrogen was enhanced than previously mentioned which is ~200 μmol h-
1
g
-1
 when the co – catalyst replaced by transition metal in existence of chromium [43]. In 
particular Rh, Pt, Ni and Cu when these metal loaded as co – catalyst in the presence of 
Cr, hydrogen production rate raised 13000, 2600, 2300 and 1950 μmol h-1g-1 respectively 
[44]. At 300 – 340 nm the catalysis performance enhanced by 4 % as well as at 420 – 440 
nm to 2.5 % when the mixture oxide of ruthenium: chromium used as co – catalyst [45]. 
        In one study gallium nitride was synthesized by two different preparation 
approaches from nitridation of gallium oxide and elemental gallium. Even the loaded co – 
catalyst were activated in two approaches for complete water dissociation, hydrogen was 
generated in higher rate for elemental gallium approach comparing to the Ga nitridation 
approach, and the highest rate obtained was 63 μmolh-1g-1 [46]. By raising nitrogen doped 
amount up to 3.5% in GaPN the activity can enhance by ~8 and current density of 12 
mA/cm
2
 at 1V [47]. This idea published by turner and his co – workers in different 
gallium dependent catalyst. By adding arsenic to the lattice GaAsPN produced which 
possess 1.73 – 1.88 eV as a range of band gap. Although GaAsPN has extremely small 
band gap, the achievement of GaAsPN was little because minor carrier transfer in 
addition to flat band potential it is more negative for water dissociation [47]. GaInP2 was 
somehow different, Even in low band gap energy of 1.83 eV the structure produce 
photocurrent around 28 – 30 mA/cm2 at an illumination ~5 solar energy [48], because the 
gallium dissolution photocurrent decreases with time. Rapid charge transfer and low 
recombination rate can be improved by direct proportion between light intensity and 
photocurrent.  
2.1.4 Crystal Structure of Gallium Oxide: 
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        Gallium oxide and gallium hydroxide are excellent candidate materials for large 
widow of device applications. β-Ga2O3 has a monoclinic crystal structure with 
dimensions a = 12.23, b = 3.04, c = 5.80 Å and β = 103.7° [49, 50]. Four gallium oxide 
exist in the unit cell. The most possible space group is the crystal belong to C2h
3
-C2/m, 
that is atoms are in the 5 sets of particular places 4i: (000, ½ ½ 0) ± (x0z). Ga
3+ 
ions has 
two type of coordination in that structure, exactly octahedral and tetrahedral. Inter-ionic 
distance in average are: octahedron edge O-O (2.84 Å), tetrahedral edge O-O (3.02 Å) 
octahedral Ga-O (2.00 Å) and Ga-O tetrahedral (1.83 Å). α-Ga2O3 has α-corundum 
structure as in Figure (7), where oxygen ions are located relatively in hexagonal closed – 
packed array with whole Ga
3+
 ions coordinated octahedrally to O
2-
 ions, and density is 
higher than β-Ga2O3 because of decreased coordination of half metal ions, the metal ions 
become very close to each other also in the α-phase because the octahedral share faces 
and edges. The shortest distance between Ga
3+ 
- Ga
3+
 polyhedra is 3.04 Å in addition with 
no face sharing [50].  
        In general the structure which edges of polyhedral are shared is most stable than 
those of face are shared, which implying that are less stable than the only corner shared 
structure [51]. Therefore one could predict the α-phase to be less stable than β-phase. 
Foster et al. reported that despite the α-Ga2O3 produced by less temperature than β-
Ga2O3, the α-phase is metastable [52]. Beta gallium oxide it is most stable gallium oxide 
phase with promising optical and electrical character at high temperature.  Because the 
vacancies in oxygen in the crystal β-Ga2O3 shows n – type semiconductor at high 
temperature higher than 600 °C [53], also has large band gap (Eg ~ 4.9 eV) [54, 55]. 
Higher than 900 °C beta gallium oxide can detect oxygen gas only [56]. Nakagomi et al.  
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Figure 7: Corundum structure of β-Ga2O3. Filled-smaller and empty-bigger circles are Ga 
and O atoms 
have fabricated and reported the ability of β-Ga2O3 single crystals toward hydrogen gas 
sensing at high temperature [57, 58]. Decomposition of organic pollutant, ultraviolet 
photodetector and photoelectrochemical water splitting with slight improvement are 
interested application of gallium oxide. 
2.1.5 Zinc Oxide/Gallium Oxide Hetero-structure: 
 
        With increasing demand of current applications, there is a quick growth in 
improving new approaches for generating nanostructure with different and enhanced 
properties. The properties of the materials can be enhanced by formation of hetero-
structure, doping and formation of core-shell structure. These approaches can provide 
new and inevitable properties for materials. As a result, lately many efforts have been 
concentrated in improving and creating new methods for preparation of materials in 
nanoscale, such as ZnO, SnO2 and Ga2O3. These new hetero-structured materials have 
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several current utilization and application for example as a gas sensors, solar cell, 
optoelectronic and near UV-laser [59, 30]. Many semiconductors for instance SrTiO3 and 
TiO2 have been mentioned as a photoanode to generate hydrogen (H2) and oxygen (O2) 
from water with assistance of ultraviolet (UV) light [59,30]. On the other hand a portion 
of less than 5% of the overall solar energy that irradiates earth coming from UV photons. 
More than 45% of the solar spectrum lies in visible region, thus these require to design 
materials which absorb visible spectrum. Despite the utilization of the visible portion of 
solar energy is crucial for enhancing the semiconductors activity in solar cell application.  
        There are little semiconductors which have stability to achieve complete water 
splitting with assistance of visible light and in the absence of external potential. It is easy 
to prepare materials with desired band gap more than 1.23 eV and less than 3 eV that can 
response to visible portion of solar spectrum, RbPb2Nb3O10 is the one of the favorable 
semiconducting materials toward overall water splitting due to its desired band gap 2.9 
eV. But, all semiconductors that response to visible light suffer from ability to achieve 
reduction or oxidation of water [60]. For instance WO3 can generate oxygen via water 
oxidation mechanism but it cannot reduce hydrogen ion (H
+
) to produce hydrogen gas 
[61]. It is difficult to prepare materials to perform complete water splitting reaction, 
because the high electronegativity of O
2-
 anion that led to similar O 2p valence band edge 
situation 1.5 eV in absolute energy, which is less than minimally required to achieve 
water oxidation. In addition to the thermodynamic potential require 1.23 eV for water 
splitting with the similar required for over-potential of 0.3 eV to perform water oxidation, 
many of the proper  semiconducting oxides will lose their ability for complete water 
splitting reaction even with proper distance between conduction and valence band that 
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can harvest the visible light with high efficiency. However, nitrogen is lower in 
electronegativity than oxygen (3.5 vs 3 for nitrogen in pauling scale). As a result, valence 
band energies will increase for oxynitride or nitride and other similar semiconductors 
oxides, permitting the potential for overall water splitting under visible light irradiation 
with concern of excellent stability of that semiconductor oxides frequently may show in 
strong redox conditions. Lately, several favorable oxynitride and nitride materials for 
water dissociation reaction have been emerged. TaON (Eg = 2.5 eV) and Ta3N5 (Eg = 2.1 
eV) have illustrated as eligible materials for water oxidation with logical stability and 
quantum efficiency [62].  
        Extra study is require to prove the capability of this visible responsive oxynitride 
LaTiO2N with Eg = 2.2 eV toward overall water dissociation reaction, because it has 
been mentioned as excellent candidates for hydrogen and oxygen generation in a proper 
sacrificial agent [63, 64]. Wurtzite – type (GaN)1 – x (ZnO)x semiconductor which is 
excellent materials known to date as photoanodes for total water splitting under visible 
irradiation, with quantum efficiency up to 6 % [65]. UV-responsive materials showed 
higher quantum efficiency with more than 60 % [66], thus there is no clear argument 
about visible responsive semiconductor did not reach this point, and by modifying and 
improving the electronic structured and optical properties of wurtzite (GaN)1 – x(ZnO)x 
quantum efficiency will be enhanced. Both semiconductors ZnO and GaN with (Eg = 3.2 
eV, 3.4 eV) recognized as wider band gap that are basically not response to visible 
energy. These materials are highly stable in the wurtzite form with space group P63mc, 
#186), and almost have identical lattice condition (GaN: a = 3.189 c = 5.185; ZnO: a = 
3.249 c = 5.207). It was mentioned earlier this semiconductor (GaN)1 – x (ZnO)x can 
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make solid solution with ability to response to visible irradiation and form electron – hole 
pair for both half reaction of water. Band gap of this materials (GaN)1 – x(ZnO)x it can 
decrease up to 2.4 eV [67] and that suggestion was confirmed by absorption edge 
observation. In addition theoretical calculations based on (DFT) which is density function 
theory for quasirandom structure proposed the band gap of this materials can decreased 
up to 2.29 eV with zinc amount of x = 0.525 [68,69]. More lately Monte Carlo simulation 
is confirmed that suggestion based on theoretical calculation [70].  
2.2 Tungsten Oxide/Bismuth Vanadium Oxide for Water Splitting: 
2.2.1 Tungsten Oxide Nanostructure: 
 
        Since 1970s WO3 has been studied as hydrogen generation catalytic materials [71]. 
But the ability of tungsten trioxide to produce hydrogen is limited because of three 
different reason. Firstly, conduction band is not negative enough for reduction of 
hydrogen; secondly, tungsten trioxide is just stable in acid media; thirdly, band gap of 
WO3 is relatively large 2.65 eV [72, 73]. Synthesis of tungsten trioxide on polyethylene 
glycol (PEG) was published lately [74]. WO3 films recorded IPCE values of ~30 % in 
presence of assisted film and ~3 – 4 % in absence of PEG. During the preparation the 
thickness of PEG assisted film increased and this led to enhancement in IPCE value. 
Grimes et al. synthesized vertically aligned nanoarrays that improved the IPCE at 400 nm 
to 60 % [75] in contrast with randomly structured tungsten trioxide. Doping of anion in 
the tungsten trioxide lattice can enhance the catalytic activity. High amount of nitrogen – 
doping reduce the crystallinity of materials as a result this showed negative impact on 
photoelectrochemical activity of this materials [76]. The photocurrent raised with 
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nitrogen amount from 2.96 to 5.93 mA/cm
2
 [77] because the significant decreasing in 
band gap from 2.52 to 1.89 eV, this is nitrogen - doped sample synthesized via reactive 
RF magnetron sputtering with N2 gas. Glucose was inserted into spray precursor solution 
during the preparation of thin films of carbon – doped via spray pyrolysis method.  
        The band gap of these materials was reduced slightly from 2.62 to 2.57 eV however 
the photocurrent enhanced from 1.1 up to 1.6 mA/cm
2
 [78]. Visible light responding 
enhanced to the overall photocurrent ~ 50 % because of the carbon doping. In the 
presence of methanol, the overall photocurrent can reach 2.6 mA/cm
2
. Formation of 
stable semiconductor in higher pH by addition of copper is another possibility. Bartlett et 
al. prepared CuWO4 thin films via electrodeposition approach which maintained pH 
values around 7 for long time of irradiation and decreasing band gap from 2.7 to 2.25 eV 
as well [73]. Al – Jassim and turner et al reported amorphous copper: tungsten films 
showed tunable band gaps, by changing the ratio of W: Cu the films were unstable in 
aqueous solution and result were not impressive for solar hydrogen conversion [79].  
2.2.2 Crystal Structure of Tungsten Oxide:  
 
        Tungsten trioxide (WO3), which is an n – type semiconductor, it has many use in 
technology for example photoelectrochemical water splitting, sensors and smart windows 
etc. [80-82] Production of photocurrent, band gap desirability and responding to solar 
energy are the properties required in photocatalytic materials [83, 84]. Moreover 
Tungsten trioxide has excellent stability versus photo-corrosion, higher photoresponse 
and high electron transfer character [85-89]. Monoclinic WO3 crystal structure has 
superior Photoelectrochemical water splitting activity to other crystals structure of WO3. 
Reaction mechanism and active sites of interaction at surface of the catalysis in 
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photoelectrochemical reaction of tungsten trioxide are not elaborated up to now. A series 
of polymorphs can be found for the bulk tungsten trioxide based on temperature and 
pressure, such as orthorhombic [90], γ- monoclinic [91], triclinic [92], tetragonal [93], 
and ε-monoclinic [94] structure. γ-monoclinic (WO3) structure it is stable structure at 
room temperature, which can be visualized  as a distorted 2 x 2 x 2 superstructure of the 
simple cubic ReO3-type unit cell [95], by moving the WO6 octahedra and replacing the 
central W atom. Bond length are almost identical along the [100] direction in that 
structure, thus other short – long bond presence along both [001] and [010] direction [96]. 
This anti-ferroelectric distortion guide to accumulate the crystal in the [001] direction, as 
a result the thin films produced by cleaving single crystals [97, 98]. Many practical 
efforts have been focused on WO3 surface structure by low energy electron diffraction 
(LEED) and scanning tunneling microscopy (STM) methods, etc. [99-108]. 
         Tungsten trioxide (001) and (100) thin films have been practically synthesized and 
many types of surface modification were carried out based on growth parameters. The γ-
monoclinic WO3 with surface (001) has the minimum energy, [105] as a result is 
breaking plane, which in principle can be finished either via O plane or WO2 plane. In 
order to cancel electrostatic dipole tungsten trioxide thin films try to lose O2 in the 
surface. For instance, (√2 × √2) R45° modification of the (001) surface can be achieved 
by removing of monolayer of the oxygen atoms alternatively along the [010] and [100] 
directions, as is clear in figure (8), in accordance with a periodicity √2 times that of the 
underlying like ReO3 simple cubic frame-work. Based on theoretical studies many 
research have been mentioned the role of tungsten trioxide surfaces. Oliver et al. 
investigated the surface energies of the (111), (110) and 5 modifications of (001) surface  
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Figure 8: atomic structure of ((√2 × √2) R45 reconstruction of the (001) surface of γ-
monoclinic WO3. 
 
of the idealized cubic tungsten trioxide, [109] and they noticed (√2 × √2) R45° 
modification of the (001) surface is the most stable because it has lowest surface energy. 
Valdes and Kroes et al studied the photooxidation of water on the (020), (002) and (200) 
surfaces of WO3 in γ-monoclinic phase by applying density function theory approach 
[110]. 
2.2.3 Bismuth Vanadium Nanostructure: 
 
        Bismuth vanadate has narrow band gap energy 2.4 eV it response to solar energy in 
particular visible region [111]. Generally it is inexpensive, environmental benign and it 
can be prepared by facile approaches. In addition of high stability, photo-corrosion 
resistant and it response to solar energy conversion. Sayama et al synthesized thin film of 
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BiVO4 on FTO substrate transparent electrode by metal organic decomposition approach 
[112] with enhanced interaction between FTO substrate and thin films. Lately, Grimes 
mentioned that the PEC behavior of bismuth vanadate could be enhanced by preparation 
of different structure of bismuth vanadate such as nanopyramids [113]. They also 
reported PEC water dissociation by BiVO4 electrode which can be affected by the 
interaction between FTO probed with different size of BiVO4 and photocatalysis [114]. 
          The rule of thin films photoanode in PEC application, as a common pure bismuth 
vanadate decrease rapidly due to higher charge carrier recombination rate. When the 
photo-generated electron move randomly through the particle that introduce them to more 
recombination points and grain boundaries before their collection at the surface of the 
electrode. This behavior can be obtain in the new photocurrent formed in the pure film of 
bismuth vanadate. Kisch et al mentioned that bismuth vanadate with p-type cobalt oxide 
can generate a p – n junction to enhance the charge separation efficiency [115].  Sayama 
and his co - worker again demonstrated that treating of bismuth vanadate by Ag ion can 
improve the responding of visible energy and produce photocurrent as ~ three times order 
[116]. Lately park et al investigated the potential status of bismuth vanadate 
photoelectrode [118], in utilizing in tandem water dissociation, BiVO4 either in 
equivalent nanostructured or thin film it has to be contacted electrically. Solution phase 
chemistry coupled with spray pyrolysis or spin coating are the common approach of 
preparation bismuth vanadate film [118 – 121]. Electrochemical deposition has been 
mentioned as well. The highest photocurrent recoded theoretically at 2.4 eV is 7.5 
mA/cm
2
, unimproved bismuth vanadate recoded less than 1 mA/cm
2
 [122, 123,124] as a 
photocurrent for water splitting under AM1.5 condition, which is less than the 
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theoretically obtained. BiVO4 has disadvantage such as slow kinetics of water oxidation 
and poor electron transfer this proved by higher photocurrent of back versus front 
illumination [125,126]. Co – catalysis doping such as Co – Pi and hole – scavenging of 
back contact can enhance the activity dramatically [120, 121, 127].  Several metal nitride 
and oxide thin film such as BiVO4, TaON and ZnO used as photoanode in PEC process 
[128 - 130] were prepared by scalable and commercially available sputtering system. 
Preparation of bismuth vanadate thin film by physical vapor deposition approach was 
demonstrated relatively late [124, 131]. 
2.2.4 Crystal Structure of Bismuth Vanadate: 
 
        Bismuth vanadate can be found in 3 polymorphs crystal structure, dreyerite, 
clinobisvanite and pucherite. Pucherite discovered in nature in form of BiVO4 it has 
orthorhombic crystal structure (space group Pnca with a = 5.332 Å, b = 5.06 Å and c = 
12.02 Å) [132], and crystal was named according to place where it found (Pucher Shaft, 
Wolfgang Maaβen mine field, Schneeberg, Germany). Bismuth vanadate synthesized in 
the laboratory, in general don’t have pucherite structure. clinobisvanite has a monoclinic 
(scheelite-type) crystal structure (space group C2/c with a = 7.247 Å, b = 11.697 Å, c = 
5.09 Å and β = 134.226o) [133, 134]. While Dreyerite has a tetragonal (zircon-type) 
crystal structure   (space group I41/amd with a = b = 7.303 Å and c = 6.584 Å), [135] 
Figure (9) shows these different crystal structures for BiVO4. A scheelite-type tetragonal 
crystal structure also exists, which is a slight modification of the monoclinic 
clinobisvanite BiVO4 in terms of the atomic positions of Bi, V, and O (space group I41/a 
with a = b = 5.147 Å, and c = 11.7216 Å) [133]. Each bismuth ion is linked by eight 
oxygen atoms (dodecahedral), and every vanadium in all bismuth vanadate ion is linked  
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Figure 9: Crystal structure of different BiVO4 polymorphs: (a) pucherite (orthorhombic), 
(b) dreverite (tetragonal zircon), (c) clinobisvanitee (monoclinic sheelite), and the side 
view (c axis) of the clinobisvanitee structure is shown in (d). 
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by four oxygen atoms (tetrahedral). In the scheelite structure, every BiO8 dodecahedral 
unit is surrounded by various eight VO4 units. Every oxygen atom is linked to one 
vanadium center and two bismuth centers. This is correct for tetragonal scheelite and 
monoclinic structure. But there is distortion in the monoclinic scheetile in the local envir- 
onments of bismuth and vanadium ions is noticed. Therefore the 4 – fold symmetry is 
lost. It can be viewed from the different in bond angles between these two structures, as 
shown in Table (1). In a tetragonal scheetile all four vanadium – oxygen bond lengths are 
similar (1.73 Å), and only 2 differences in bismuth – oxygen bond lengths recorded (2.4 
and 2.47 Å) [133]. In contrast in the monoclinic scheetile structure there are 4 – 
differences in bismuth – oxygen bond lengths (2.52, 2.35, 2.63 and 2.37 Å) and 2 – 
differences in vanadium – oxygen bond lengths (1.76 and 1.69 Å).  This distortion in the 
monoclinic is supposed to be responsible for excellent photocatalytic process in 
comparing with tetragonal scheetile structure, as reported by Tokunaga et al [136]. This 
distortion improve the local polarization which enhance the electron – hole separation, in 
photoelectrochemical processes.    
Table 1: Bond lengths of Bi – O and V – O in different crystal structure of BiVO4 
Bond 
Bond Length (Å) 
Monoclinic 
Scheetile 
Orthormbic 
Tetragonal 
Zircon 
Tetragonal 
Scheetile 
V – O 
1.76 
1.69 
1.7 1.7 
1.95 
1.76 
Bi – O 
2.35 
2.52 
2.63 
2.37 
2.2 
2.53 
2.73 
2.31 
2.55 
2.41 
2.47 
2.4 
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         In the zircon type structure two VO4 units offer two oxygen atom and 4 VO4 units 
offer one oxygen atom to bismuth. In addition every BiO8 dodecahedral unit is 
surrounded only by six VO4 tetrahedral units. Eventually in the orthorhombic type 
structure, every BiO8 units is surrounded by seven VO4 units since one VO4 units provide 
two oxygen atom to bismuth atom. The bond lengths of these two crystal structure is 
summarized in table 2.1. The monoclinic structure is normally formed via high 
temperature preparation approach, while the zircon structure in general produced via low 
temperature preparation methods, for example aqueous precipitation at room temperature 
[111, 137]. The tetragonal scheetile phase is produced by higher temperature in 
comparison with monoclinic scheetile. The zircon structure can transformed irreversibly 
to monoclinic scheetile at ~ 400 – 500 °C [111, 138]. 
2.2.5 Tungsten/Bismuth Vanadium Hetero-structure: 
 
        Metal oxides photoelectrodes have been studied long time ago, more emphasis has 
been given to ternary metal oxides. However only few of them showed promising 
photocatalytic properties [138,139], and still they do not cover all requirements for 
photoelectrochemical water splitting. Thus the improvement of much complicated metal 
oxides such as ternary metal oxides, can be carried out to improve overall properties. 
Bismuth vanadate BiVO4 is one of the most promising binary metal oxide photoanodes 
for photoelectrochemical water splitting because of it is narrow band gap appromx 2.4 
eV, (in the monoclinic phase), inexpensive, highly stable and resistant to photo-corrosion. 
Based on theory solar to hydrogen (STH) conversion efficiency of BiVO4 approaches 
9.2% with the highest photocurrent of ~7.5 mA/cm
2
 for solar light illumination (100 
mW/cm
2
) under standard air mass 1.5 condition [140] because the recombination of 
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photo-generated holes and electron. BiVO 4 has poor electron transport properties that 
hinder the kinetics of water splitting reaction. To improve the transport efficiency of 
BiVO4 many approaches have been applied such as doping with Mo [141-143] or W 
[144,145] gave a restricted result. Generation of hetero-junction BiVO4 core-shell in 
three dimension nanostructured with other excellent conductive semiconducting oxides is 
a favorable way to improve transport properties of BiVO4.  
        The thickness of BiVO4 absorber layer dramatically contribute in the enhancement 
collection of photo-generated carriers, prior to separation. In contrast the optical 
thickness of the absorber is reformed by offering excellent structured arrangement. The 
optical path through the devices was increased at the nanostructured interfaces of light 
scattering and therefore the photon absorption was drastically improved. Therefore the 
photocurrent in the photoanode can reach it maximum value via optimization of separate 
electronic and optical thickness of the BiVO4 absorber, the reversible connection between 
short lifetime and light absorption efficiency of the photo-generated carriers is decreased. 
Much work was carried out on BiVO4 hetero-junction with CuWO4 [146] and WO3 [147, 
148, 149] are available, but they were synthesized mainly in the two-dimension 
arrangement plain which does not overcome the reversible dependence of the electron 
lifetime and light absorption as in three dimension core-shell structure. The previous 
photoanodes were fabricated by various technique, in two step of deposition that leads to 
generate recombination points and trapping at the hetero-junction interface. Moreover 
spin coating deposition of BiVO4 resulted in covering total gaps between the WO3 –NRs, 
which is mainly decreased the advantage of the electronically thin BiVO4 absorber. Only 
Su et al. [147] mentioned the preparation of WO3 –NRs/BiVO4 hetero-junction 
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photoanodes, the WO3-NRs/BiVO4 fabricated via solvothermal deposition approach were 
not well-aligned. However WO3/BiVO4 nanostructured photoanode exhibited enhanced 
IPCE value that jumped from 9.3% to 31% comparing to WO3/BiVO4 planar hetero-
junction prepared by same approach, and resulted in photocurrent of 0.8 mA/cm
2
 at 
1.23V reversible hydrogen electron (RHE) [147]. Saito et al. [148] investigated recently a 
photocurrent of 2.8 mA/cm
2 
at 1.23V RHE in a single hetero-junction WO3/BiVO4 
photoanode with planar thin film arrangement. Gradually increase in photocurrent to 3.04 
mA/cm
2
 at 1.23V RHE is carried out by the incorporation of SnO2 structure and generate 
WO3/SnO2/BiVO4 photoanode, where SnO2 act as blocking layer. The photocurrent was 
gained in KHCO3 potassium hydrocarbonate electrolyte, which raised the question about 
the role of KHCO3 as sacrificial agent. WO3 /SnO2 /BiVO4 photoanode resulted only 1.1 
mA/cm
2
 in stable 0.5 M Na2SO4 (PH=7) electrolyte. Van de krol et al. [150] mentioned a 
photocurrent of 4 and 3 mA/ cm
2
 in the BiVO4 photoanode doped by W in double and 
single-junction respectively coupled with Si solar cell. However the photocurrent were 
recorded in a mixture of di and monobasic hydrophosphate K2HPO4 and KH2PO4 which 
are the compositions of potassium buffer solution 0.1 M. Kitamori et al. illustrated 
WO3/BiVO4 nanostructured photoanode well-aligned and excellent separated WO3 
nanorods capped with deeply thin BiVO4 absorber layer with photocurrent of 3.2 mA/cm
2
 
in 1.23 V RHE gained in stabilized 0.5 M Na2SO4 (PH = 7) electrolyte under simulated 
AM 1.5 solar light. They fabricated ITO /WO3-NRs /BiVO4 photoanode structure 
through the set of normal regimes multi-magnetron sputtering and r.f. reactive magnetron 
sputtering in Glancing Angle Deposition (GLAD).The photocurrent was improved 
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because the rapid charge isolation in the electronically thin BiVO4 absorber layer that 
dramatically decreased the recombination of charge.  
       The morphology of WO3/NRs/BiVO4 nanostructured contribute in light trapping that 
reformed the impact of optical thickness of the BiVO4 light absorber. The IPCE spectra 
showed that the photocurrent resulted in optimized photoanode is gained from little 
participation of WO3 nanorods and major contribution of the BiVO4 absorber thin layer. 
Their outcomes explain the idea of using highly thin light absorber layer, that offer a 
favorable pathway for enhanced photocatalytic approach in terms of hydrogen production 
through water splitting. In this study, we mentioned development in method of 
fabricating hetero-structured WO3/BiVO4 photoanode on indium oxide tin oxide ITO 
substrate in two step of fabrication, the first step is the growth of tungsten seeds using 
sputtering system, then followed by hydrothermal growth of WO3/BiVO4.    
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CHAPTER 3 
Synthesis and Fabrication of Zinc Oxide/Gallium Oxide 
Photoanode 
3.1 Experimental Work: 
3.1.1 Fabrication of Zinc Oxide Seeds: 
 
        Zinc oxide seeds were fabricated by physical approach using automatic sputter 
coater on indium oxide tin oxide glass coated substrate (ITO). The deposition was carried 
out using base pressure of 9.1 x 10
-6
 Pa and working pressure was 5 x10
-3
 Pa, the duration 
of deposition was 40 min using 80 W power. 
3.1.2 Fabrication of Zinc Oxide/Gallium Oxide Hetero-structure: 
 
        Thin films of ZnO/Ga2O3 hetero-structured was synthesized by hydrothermal 
approach as in literature [151]. Precursor solution of zinc oxide was prepared by mixing 
0.03 M from Zn (NO3)2.6H2O (99.78 %, Fisher Scientific) in deionized (DI) water and 4 
M of hexamethylenetetramine (HMT) (99.5 %, Sigma Aldrich). 
        Hetero-structured ZnO/ Ga2O3 thin films were synthesized and fabricated on ITO 
(0.5 cm X 1.5 cm) substrate (Indium oxide Tin oxide – glass coated), by adding 0.5%, 2 
%, 5 % of gallium (III) acetyl acetone (99.99 %, Sigma Aldrich) respectively to the 
precursor solution of  ZnO. These solution mixture has been transferred to a Teflon 
vessel, sealed in an autoclave and maintained in an oven at 90 °C for 6 hours. Then the 
substrate were removed from an autoclave, washed with DI water and annealed at 450 °C  
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for 2 hours. The synthesis and fabrication process are illustrated in figure (10).  
3.1.3 Characterization: 
 
3.1.3.1 XRD and Raman Spectroscopy: 
        The crystalline hetero-structure was characterized by powder X – Ray 
Diffractometer rigaku rint – 2500. Radiation: Cu Ka lamb: 1.54060, λ = 1.54056 A, the 
Dissolving by 
Stirring 
ZnO Solution + 
ITO 
Mixture of Zn + 
Ga Solution 
Hydrothermal 
Process 
Annealing at 450 
°C 
Characterization 
ZnO Seeds on ITO 
Substrate 
Ga Precursor  
HMT + Zn 
Precursor 
Figure 10: Schematic illustration of ZnO/Ga2O3 thin film fabrication 
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range was between 10 – 60 in 2 θ degree and scan rate was 3 sec. Powder samples and 
thin film was placed on the glass plate.  
        The Raman analysis were performed at room temperature using Yvon Jobin Horiba 
Raman spectrometer (iHR 320) model with charge coupled detector (CCD). The laser 
source was green type at 532 nm line and intensity was 45 %. The spectrums were 
obtained from the scattered light normal to the sample surface, with grating position 600 
mm, slit width 96 cm, accumulation number was 3 and exposure time 10 sec.  
3.1.3.2 FESEM and EDS Analysis: 
        The morphological properties of these materials were analyzed by field emission 
scanning electron microscope FESEM - TESCAN – LYRA - 3 and elemental mapping 
(EDS) of these materials were investigated by the oxford instrument coupled with 
FESEM. Powder samples and thin film were mounted on sample holder using double 
sided copper conductive tape.  
3.1.3.3 Optical Measurements:   
        Room temperature photoluminescence was carried out with a xenon lamp associated 
with a frequency doubling system operating at 380 nm as the excitation source with an 
integration time 0.1 sec in the range from 400 nm to 730 nm using Yvon Jobin  Horiba 
instrument model no FL3- 2iHR.  
        UV – VIS analysis was investigated at room temperature by Cary series UV – VIS – 
NIR spectrometer, (Agilent technology).   
3.1.3.4 Photoelectrochemical (PEC) Set-up: 
        The photoelectrochemical measurements was investigated according to the standard 
photoelectrochemical work station [152]. Chronoamperometry (CA) and linear sweep 
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voltammetry potentiostatic (LSVP) were conducted using two electrode set-up, platinum 
wire and ZnO/Ga2O3 thin film as counter and working electrode respectively in 0.1 M 
potassium hydroxide (KOH) [PH = 13] electrolyte.  Metrohm autolab (B.V) Potentiostat / 
Galvanostat PGSTAT 10 was used to investigate the photocurrent at a scan rate of 0.0999 
V/sec, coupled with oriel sol 3A class AAA solar simulator 100 mW/cm
2
 and AM 1.5 
filter (1 sun, Oriel) as a source of illumination. All photoelectrochemical analysis are 
explaining here according to the normal hydrogen electrode (NHE).  
3.2 Results and Discussion: 
3.2.1 Formation of Zinc Oxide Seeds: 
 
        ZnO seeds were deposited on the ITO substrate using automatic sputter coater as 
physical approach. As in Figure (11 a) which is illustrating powder XRD of bare ITO and 
ZnO seeds, it is clear that the entire substrate has been covered by ZnO seeds because all 
ITO diffraction peaks have been disappeared totally, only (114), (111) and (220) 
corresponding to wurtzite hexagonal ZnO appears at 31.42, 36.36 and 61.26 in 2 θ degree 
respectively (JCPDS#: 01-077-9355). The morphology of seeds layer have been 
investigated by FESEM – TESCAN and revealed the homogeneity of the seeds on the 
entire substrate with smooth surface and there is no grains observed. In addition the size 
of the seeds is extremely small. Thus it is difficult to discriminate between bare ITO and 
ZnO seeds by naked eye see Figure (11 b & c). Furthermore the compositional 
characterization has carried out by Oxford instrument coupled with FESEM and showed 
the presence of Zn and O atom as in Figure (11 d) and from quantitative analysis oxygen 
is more than zinc as it is expected see Figure (25 b) in appendix A.   
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Figure 11: a) XRD of ITO and ZnO seeds, FESEM of b) bare ITO, c) ZnO seeds and d) 
EDS analysis of ZnO seeds 
 
3.2.2 Fabrication of ZnO/Ga2O3 Hetero-structure: 
        ZnO/Ga2O3 hetero-structure nanorods were fabricated on ITO substrate by 
hydrothermal method on the fabricated ZnO seeds. Figure (12 a) shows the XRD pattern 
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of bare ITO, ZnO seeds and annealed ZnO/Ga2O3 nanorods. The ITO substrate has 
characteristic peaks at 29.62, 30.19, 37.59, 40.49, 44.47, 48.31, 48.95 and 57.80 in 2 θ 
degree which are corresponds to the (003), (12-1),(220), (104), (303), (042), (23-1) and 
(330) growth directions respectively and belong to ITO (JCPDS #: 01-077-8214). These 
peaks have been disappeared completely, covered by new peaks which are 31.42, 36.33 
and 61.20 correspond to (114), (111) and (220) as a result of depositions of ZnO seeds 
(JCPDS #: 01-077-9355) in a wurtizte hexagonal phase. This indicate that the surface of 
the substrate has been covered by ZnO seeds layer which acts as nucleus centers on the 
surface of the substrate. Well-aligned ZnO/Ga2O3 nanorods have been grown 
hydrothermally in one step by direct immersion of ITO substrate in the precursor 
solution. The XRD pattern of annealed ZnO/Ga2O3 hetero-structure exhibit 
polycrystalline structure in orthorhombic crystal system (JCPDS #: 01-076-9637). The X 
– ray diffractions peaks correspond to (063), (114), (065), (0014) and (199) at 2 θ degree 
planes of 29.32, 31.41, 32.76, 51.59 and 61.20 respectively.  
        Raman measurements as in Figure (12 b) of pure ZnO and ZnO/Ga2O3 hetero-
structure have been conducted at room temperature and revealed that the finger print of 
pure ZnO at 382 and 413 cm
-1
 are belong to the transverse optical A1 (TO) and E1 (TO) 
modes respectively. The highest peak at 438 cm
-1
 is correspond to the high frequency E2 
mode. The line around 589 cm
-1
 is correspond to the longitudinal optical mode (LO), and 
all these lines are diagnostic for hexagonal wurtzite structure for ZnO in an excellent 
agreement with literature [153-155]. With the addition of gallium oxide to ZnO structure 
there are some change were observed in the Raman spectrum of the hetero-structure 
metal oxides. The lines at 382 and 438 cm
-1
 remains similar, while the peaks at 413 cm
-1
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Figure 12: a) XRD and b) Raman spectrum of ZnO and ZnO/Ga2O3 thin film 
 
disappeared completely and the shoulder at 571.8 cm
-1
 has been shifted and became 
broad, due to structural strain of hetero-structure. In addition to the appearances of new 
peaks such as 720, 879, 1002, 1278 cm
-1
. These peaks are classified as group of (˃ 580 
cm
-1
) with medium intensities as Ag symmetry that are originated by the GaO4 tetrahedra 
related optical phonons [156,157]. All these changing may explained as changing in the 
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crystal structure of ZnO with the introduction of GaO and formation of hetero-structure 
ZnO/Ga2O3. 
        The surface morphology of the annealed ZnO/Ga2O3 thin film were studied by 
(FESEM), TESCAN dual beam as in Figure (13 a & b) shows low and high 
magnification FESEM micrographs of ZnO/Ga2O3 NRs. Low magnification FESEM 
images revealed that low density nanoarrays are grown on the large scale ITO conducting 
substrate. Each nanorod is 500-600 nm in length and 40-50 nm in their diameter. High 
magnification image clearly demonstrates faceted hexagonal shape of each nanorods. 
These hetero-structured arrays are highly ordered and uniform. Generally, low and high 
magnification images reveal that these nanoarrays are dense, aligned and ordered on the  
   
 
 
              
                                                                                       
 
 
Figure 13: FESEM at a) low, b) high magnification and c) EDS analysis of ZnO/ Ga2O3 
a) b) 
c) 
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 conducting substrate. Tilted images showed the alignment of the arrays. The energy 
dispersive x-ray electron spectroscopy (EDS) show that the presence of the Zn, Ga and 
oxygen in addition to the ITO component see Figure (13 c).  
        In the UV – VIS absorption spectra, the pure ZnO nanorods illustrate broad 
absorption edge with onset at 465 nm and this can be explained as near – band – edge 
(NBE) absorption of ZnO nanorods. With introduction of Ga2O3 to ZnO, the ZnO/Ga2O3 
photoanode UV – VIS absorption spectra gave the same broad band with slight shift in 
UV – VIS onset  and can be attributed to change in crystal structure of ZnO see figure (14 
a) [158]. Furthermore, the diffuse reflectance spectra has been carried out to draw 
relation of Kubelka-Munk function F(R) with photon energy hv (eV) in the range (0 – 5 
eV). F(R) = (1 – R) 2/2R is the relation give Kubelka – Munk function, where R is the 
magnitude of reflectance [159]. The band gaps were determinate by extrapolating the 
linear part of F(R)
2
 curve (y axis) until it intersects with x (axis) which is the energy (eV). 
Generally in the reflectance spectra low values of reflectance mean high absorption in the 
specific location of wavelength. The pure ZnO and ZnO/Ga2O3 thin film reported band 
gap of 3.02 and 2.96 eV respectively, which reflect the slight change of the UV – VIS 
spectra onset see Figure (14 b). Thus this mean the ZnO/Ga2O3 photoanode can harvest 
visible-region of solar energy. The room temperature photoluminescence spectra of pure 
ZnO and ZnO/Ga2O3 photoanode hetero-structure as in Figure (14 c). A broad peak at 
604 nm refer to deep level emission (DL) [160,161]. This peak is due to the oxygen 
vacancies, zinc vacancies or zinc interstitials [159,162 -164]. The intensities of the peak 
is mainly depend on the presence of the Ga2O3. The intensity of broad peak of ZnO has 
been quenched with the incorporation of Ga2O3 to ZnO structure.  
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Figure 14: a) UV - VIS, b) Reflectance and c) PL spectrums of ZnO/Ga2O3 thin film 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
200 300 400 500 600 700 800
A
b
so
rb
an
ce
  
Wavelength (nm) 
0
2
4
6
8
10
12
14
1.55 2.55 3.55 4.55
F
 (
R
) 
eV 
0
20000
40000
60000
80000
100000
120000
140000
160000
180000
400 500 600 700
In
te
n
si
ty
 [
a.
u
] 
Wavelength (nm) 
a) 
b) 
c) 
Pure ZnO 
ZnO/Ga2O3 
Pure ZnO 
ZnO/Ga2O3 
Pure ZnO 
ZnO/Ga2O3 
43 
 
Table 2: UV – VIS onsets and band gap energies of ZnO and ZnO/Ga2O3 nanorods 
Structure UV – VIS Onset (nm) Band gap (eV) 
ZnO 410 3.03 
ZnO/Ga2O3 420 2.96 
 
3.2.3 Photoelectrochemical Properties: 
        The photoelectrochemical measurements of the ZnO/Ga2O3 photoanodes were 
investigated in two electrode set-up.  Platinum wire and ZnO/Ga2O3 thin film as counter 
electrode and Working photoelectrode respectively in 0.5 M KOH [PH = ~13] as an 
electrolyte. Metrohm autolab (B.V) Potentiostat / Galvanostat PGSTAT 10 used as a 
potential source. Solar simulator class 3A (Oriel) was used as illumination source, the 
photoanodes were exposed to the front side illumination (through ITO) with 1.5 AM (1 
sun) simulated solar class 3A (Oriel). Chronoamperometry measurements (J p) versus 
time (t) profiles were conducted with on and off illumination at 0.5 V versus platinum 
wire. As a result of light irradiation at 100 mW/cm
2
 a spike in the photoresponse were 
noticed for three samples owing to the transient affect in power excitation, and the 
photocurrent then come back quickly to stable state. The photocurrent raised with the 
percent of the Ga2O3 gradually. As a result of loading gold (Au) on the ZnO/Ga2O3 
nanorods photoanode the light absorption increase, assist the charge transport to the 
electrolyte/electrode interface and the ZnO/Ga2O3/Au NRs arrays photoanode recorded 
the highest photocurrent regarding-less to the Ga2O3 percent, and this can be refer to the 
surface plasmon resonance of Au nanoparticles see Figure (15) [165].  
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        Linear sweep voltammetry potentiostatic (LSVP) has been carried out with previous 
set-up from 0 to 1.5 V versus normal hydrogen electrode (NHE) for further investigation 
of the thin film amount and the light effect. ZnO/Ga2O3 has been deposited on the (0.5 
cm X 1.5 cm) ITO. ZnO/Ga2O3 photoanode was active toward oxygen evolution reaction 
(OER). It is evident that the photo-activity of photoanode depend on the Ga2O3 percent 
[166]. Water oxidation photocurrent onset began at 0.95 V versus (NHE), the current 
density increases gradually from 2 % to 5 % ZnO/Ga2O3 thin film and reached the 
maximum at 1.5 V which were 0.20 mA/cm
2
 and 0.22 mA/cm
2
 respectively. Similarly for 
ZnO/Ga2O3/Au (gold) coating photoanode the photocurrent increased significantly and 
recorded 0.36 mA/cm
2 
at 1.5 V as maximum response in the dark. Thus, this is attributed 
to surface plasmon resonance of gold nanoparticles which were coated on ZnO/Ga2O3 
NRs arrays surface, see Figure (16). When those photoanodes exposed to the light water    
 
Figure 15: Chronoamperometry of 2 %, 5 % ZnO/Ga2O3 and 2% ZnO/Ga2O3/Au 
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respectively. Similarly, as consistent with previous results the 2 % ZnO/Ga2O3/Au thin 
film started water oxidation at low potential 0.86 V and recorded the highest photocurrent 
0.60 mA/cm
2
 this is due to the surface plasmon resonance of Au nanoparticles. Which is 
facilitate the charge transfer to the electrolyte/electrode interface by enhancing the 
absorption of the light see Figure (16). The effect of the light on the same percent was 
investigated as well. As it can be seen from Figure (31 a) in appendix A LSVP of 2 % 
ZnO/Ga2O3 the photoresponse enhanced when the thin film exposed to the light and 
recorded 0.24 mA/cm
2 
compared to the dark 0.18 mA/cm
2 
at 1.5 V. 
 
Figure 16: LSVP of 2 %, 5 % ZnO/Ga2O3 and 2 % ZnO/Ga2O3/Au in the dark and light 
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CHAPTER 4 
Synthesis and Fabrication of Tungsten Oxide/Bismuth 
Vanadate Photoanode  
4.1 Experimental Work 
4.1.1 Fabrication of Tungsten Oxide Seeds: 
 
        Tungsten oxide seeds was fabricated by physical approach using automatic sputter 
coater on indium oxide tin oxide coated glass substrate (ITO). Using WO3 target, Base 
pressure was 9.1 x 10
-6
 Pa and working pressure was 2 x 10
-3
 Pa, the duration of 
deposition was 2 min using 80 W power. 
4.1.2 Synthesis of Tungsten Oxide/Bismuth Vanadate Hetero-structure: 
 
        Hetero-structured of WO3/BiVO4 nanoarrays was synthesized by hydrothermal 
approach as in literature [33, 34]. Bismuth vanadium oxide (BiVO4) precursor solution 
was prepared by mixing (0.137 M) from vanadium (V) oxide V2O5 (99.99%, Sigma 
Aldrich) and (0.052 M) bismuth (III) nitrate pentahydrate Bi (NO3)3.5H2O (99.99%, 
Sigma Aldrich) in 200 ml nitric acid (2 M) HNO3. 
        Hetero-structure of (WO3/BiVO4) was synthesized by adding tungsten oxide (0.050 
M) solution previously prepared to the BiVO4 precursor solution. Then the mixture of 
WO3/BiVO4 solution was transferred into a Teflon vessel, sealed in an autoclave and 
maintained in an oven at 120 °C for 24 hours. The product was removed, dried and 
calcined at high temperature 500 °C for 3 hours. The synthesis process are showing in the   
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scheme above see figure (17). 
4.1.3 Characterization: 
 
4.1.3.1 XRD and Raman Spectroscopy: 
Bi + V Precursor  
Bi + V Solution  
Hydrothermal 
Process 
Mixture of WO3, 
Bi + V 
Mixing by 
stirring 
Calcination at 
500°C 
Characterization 
Deposition on 
ITO 
WO3 Solution 
Dissolving by 
sonication 
Urea + W 
precursor 
Figure 17: Schematic representation of the fabrication of WO3/BiVO4 thin 
film 
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        The crystalline structure of the hetero-structures were analyzed by powder X – Ray 
Diffractometer rigaku rint – 2500. Radiation: Cu Ka lamb: 1.54060, λ = 1.54056 A, in the 
range of 10 – 60 in 2 θ degree, scan rate was 3 sec. Powder samples and thin film were 
placed on the glass plate.  
        The Raman analysis were performed at room temperature using Yvon Jobin Horiba 
Raman spectrometer (iHR 320) model with CCD detector. The laser source was green 
type at 532 nm line and intensity was 45 %. The spectrums were obtained from the 
scattered light normal to the sample surface, with grating position 600 mm, slit width 96 
cm, accumulation number 3 and exposure time 10 sec.  
4.1.3.2 FESEM, EDS Analysis: 
        The surface morphology of these materials were analyzed by field emission 
scanning electron microscope (FESEM). The compositional analysis was carried out by 
EDS equipped with FESEM instrument. Powder samples and thin film were mounted on 
the sample holder using double sided copper conductive tape.  
4.1.3.3 Optical Measurements: 
        Room temperature photoluminescence was carried out using Yvon Jobin Horiba 
instrument model no FL3- 2iHR. UV – VIS analysis was investigated at room 
temperature by Cary series UV – VIS – NIR spectrometer.   
4.1.3.4 Photoelectrochemical (PEC) Set-up: 
        The photoelectrochemical measurements were investigated according to the standard 
photoelectrochemical work station [152]. Chronoamperometry (CA) and linear sweep 
voltammetry potentiostatic (LSVP) were conducted using three electrode set-up, calomel 
(Hg / Hg2CL2) and platinum as reference and counter electrode respectively in 0.5 M 
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Na2SO4 [PH = ~7] electrolyte. Metrohm autolab (B.V) Potentiostat / Galvanostat 
PGSTAT 10 was used to investigate the photocurrent at a scan rate of 0.0999 V/s, 
coupled with oriel sol 3A class AAA solar simulator 100 mW/cm
2
 and 1.5 AM (1 sun, 
Oriel) as a source of illumination. All photoelectrochemical analysis are explaining here 
according to the normal hydrogen electrode (NHE).  
4.2  Results and Discussion: 
4.2.1 Formation of Tungsten Oxide Seeds: 
 
        Tungsten oxide seeds were deposited on the ITO substrate using automatic sputter 
coater as physical approach as in Figure (18 a) which is illustrating powder XRD of bare 
ITO and WO3 seeds it is clear that the entire substrate has been covered by WO3 seeds 
because all the ITO diffraction peaks 29.62, 30.19, 37.59, 40.49, 44.47, 48.31, 48.95 
which are corresponding to growth direction (003), (12-1), (220), (104), (303), (042) and 
(23-1) with (JCPDS #: 01-077-8214)  have been disappeared, and (002), (020), (200), 
(120), (121), (022), (-202) and (202) belong to monoclinic WO3 with (JCPDS #: 00-043-
1035) appear at 23.12, 23.59, 24.38, 26.59, 29.14, 33.27, 33.57 and 34.15 respectively. 
        The morphology of seeds layer have been investigated by FESEM and revealed the 
homogeneity of the seeds on the entire substrate with smooth and uniform surface. In 
addition to the surface the size of the WO3 seeds was extremely small. Thus, it is difficult 
to discriminate between bare ITO and WO3 seeds by naked eye as in Figure (18 b & c). 
Furthermore the compositional characterization has been carried out by EDS coupled 
with FESEM and showed the presence of W and O atom as in figure (18 d) along with 
ITO substrate component. 
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Figure 18: a) XRD of bare ITO, WO3 Seeds. FESEM of b) bare ITO, c) WO3 seeds and 
d) EDS analysis of WO3 seeds 
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4.2.2 Fabrication of Tungsten Oxide/Bismuth Vanadate Hetero-structure: 
 
        Tungsten oxide/bismuth vanadate hetero-structure were synthesized via 
hydrothermal approach. XRD was carried out to study the textured properties. From XRD 
pattern as in  Figure (19) WO3/BiVO4 showed peaks at 28.62, 32.64, 52.33 and 55.06 
corresponding to (103), (110), (211) and (213) respectively. The WO3/BiVO4 has 
polycrystalline structure with tetragonal phase in crystal system (JCPDS #: 00-047-0478). 
With residual characteristic peaks of pure WO3 in the directions of (002), (200), (-202) 
(023) (004) corresponding to 23.28, 24.52, 34.22, 42.60, and 47.62 in 2 θ degree (JCPDS 
#: 00-043-1035) and BiVO4 (002), (011) and (004) which are belonging to 15.62, 19.18  
 
 
Figure 19: XRD analysis of pure WO3, pure BiVO4 and WO3/BiVO4 nanoflakes 
 
and 30.76 in 2 θ degree (JCPDS#: 01-083-1699) at 2 θ degree respectively as in figure 
(19).  
        For detailed structural elucidation Raman spectra was investigated for pure WO3, 
pure BiVO4 and WO3/BiVO4 individually for the calcined powders. The intensive Raman 
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peaks at 809 and 720 cm
-1
 associated with stretching W-O-W bond and the bending 
modes of W-O-W bridging oxide ions at 273 and 329 cm
-1
 in the pure WO3 [167]. The 
asymmetric and symmetric deformation modes of the (VO4)
3-
 tetrahedron recorded peaks 
at 327 and 367 cm
-1
. The characteristic Raman peak at 823 cm
-1
 corresponding to the 
symmetric V-O bond [168]  has been shifted and changed in their intensities with the 
appearance of new peaks for instance at 137, 699.7, 808.8 cm
-1
 respectively, these shift 
and change might be attributed to the formation of hetero-structure see Figure (20). The 
enlarged figure of WO3/BiVO4 hetero-structure illustrated in Figure (34 b) appendix (B). 
 
Figure 20: Raman spectrum of WO3, BiVO4 and WO3/BiVO4 nanoflakes 
 
        The morphology of the synthesized hetero-structure has been viewed using FESEM 
at low and high magnification. Figure (21 a & b), illustrate the formation of WO3/BiVO4 
thin film nanoflakes like morphology due to an assembly of intertwined platelets 
radiating in whole directions [44]. The surface was smooth and no grain was observed. 
The compositional analysis (EDS) of WO3/BiVO4 hetero-structure has been investigated  
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Figure 21: FESEM of WO3/BiVO4 nanoflakes at a) low magnification b) high 
magnification and c) EDS analysis of WO3/BiVO4 nanoflakes 
 
 as in Figure (21 c) and confirmed the presence of W, Bi, V, and O. The atomic ratio of 
W and V was close to the stoichiometric ratio.  
        The optical properties of the WO3/BiVO4 nanoflakes hetero-structure have been 
revealed using UV – VIS – NIR spectrometer. UV – VIS absorption of these metal oxides 
have been depicted. Small absorption onset have been observed at 496 nm for WO3, 
while the onset of absorption of BiVO4 was at 579 nm which is shifted toward visible 
region. As a result, of addition of WO3 to BiVO4 nanostructure slight shift have been 
recorded for WO3/BiVO4 hetero-structure in absorption and it was at 583 nm as in Figure 
a) b) 
c) 
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(22 a). Furthermore, the diffuse reflectance spectra has been carried out as a direct 
relation of Kubelka-Munk function F(R) with photon energy hv (eV) in the range (0 – 5 
eV) by the same machine for band gap estimation. F(R) = (1 – R) 2/2R is the relation give 
Kubelka – Munk function, where R is the magnitude of reflectance [159]. The band gaps 
were determinate by extrapolating the linear part of F(R)
2
 curve (y axis) until intersects 
with (x axis) which is the energy (eV). Generally, in the reflectance spectra low values of 
reflectance mean high absorption in the specific location of wavelength. The tungsten 
oxide film reported band gap around 2.7 eV illustrate good transparency in visible region. 
The band gap of   BiVO4 thin film was 2.37 eV. As a result of fabrication of hybrid 
WO3/BiVO4 semiconductor, the band gap has been shifted slightly to be 2.24 eV as in 
Figure (22 b). This is indicates that WO3/BiVO4 photoanode can harvest visible light in 
solar energy efficiently [162]. This variation in band gap can be attributed to changing in 
the crystal structure due to adding WO3 to BiVO4 as earlier we noticed from XRD 
analysis. The changing in optical properties of semiconductors has been investigated 
generally by many researchers, illustrated that the optical band gap can be vary as a result 
of different reasons such as the particle sizes. Particularly, Zheng et al. [165] studied the 
effect of annealing temperature in the ZnO nanoparticles, they reported that with the 
increasing the annealing temperature the band – edge absorption begins at larger 
wavelength. They also noticed that the red shift in optical gap with more particle size it 
can be due to change in morphology. With respect to annealing temperature they 
suggested that the beginning of band-edge absorption at larger wavelength is due to high 
annealing temperature which formed defects in the samples. These results are consistent 
with UV – VIS absorption results.   
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Figure 22: a) UV - VIS and b) reflectance spectrums of pure WO3, pure BiVO4 and 
WO3/BiVO4 nanoflakes  
Table 3: UV – VIS onsets and band gap energies of WO3, BiVO4 and WO3/BiVO4 
Structure UV – VIS Onset (nm) Band gap (eV) 
WO3 460 2.7 
BiVO4 540 2.3 
WO3/BiVO4 554 2.24 
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4.2.3 Photoelectrochemical Properties: 
 
        The photoelectrochemical measurements of the WO3/BiVO4 photoanode were 
investigated in three electrode set-up. Calomel, platinum and WO3/BiVO4 thin film as 
reference, counter electrode and Working photoelectrode respectively in 0.5 M Na2SO4 
(PH = ~7) electrolyte. Metrohm autolab (B.V) Potentiostat / Galvanostat PGSTAT 10 
used as a potential source. Solar simulator class 3A (Oriel) was used as illumination 
source, the photoanode was exposed to the front side illumination (through ITO) with 1.5 
AM (1 sun) simulated solar class 3A (Oriel). Chronoamperometry measurements (J p) 
versus time (t) profiles was conducted to verify the stability of the semiconductor. At 
neutral pH WO3/BiVO4 photoanode was steady and no significant degradation was 
noticed during the illumination [162]. We noticed a similar J p – t profile that depend on 
J p spike after first irradiation, which is relaxed to stable plateau exploring the significant 
stability of the semiconductor [165] as in Figure (23).  
        Then linear sweep voltammetry potentistatic (LSVP) was carried out for further 
investigation of photoelectrochemical properties with previous set-up from 0 to 0.5 V 
versus normal hydrogen electrode (NHE). WO3/BiVO4 has been deposited on the ITO 
(0.5 cm X 0.85 cm) substrate by normal drop – casting and annealed at different 
temperatures 200 °C and 450 °C, respectively, to study the effect of annealing 
temperatures and light for WO3/BiVO4 thin film. These photoanodes were active toward 
oxygen evolution reaction (OER). The photocatalytic activities of WO3/BiVO4 
photoanode were enhanced significantly with increasing annealing temperatures and 
reached it maximum which were 0.078 and 0.080 mA/cm
2
 for 200 °C and 450 °C 
respectively at 0.33 V in the absence of light see Figure (24). To study the effect of  light  
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Figure 23: Chronoamperometry of WO3/BiVO4 photoanode with on/off mode 
 
for both annealing temperature, both photoanodes annealed at 200 °C and 450 °C have 
been exposed to the visible light irradiation. Thus the activities of both photoanodes were 
improved slightly compared to the dark. The current density achieved were 0.106 and 
0.109 mA/cm
2
 for 200 °C and 450 °C at 0.5 V see Figure (24). The photoelectrochemical 
behavior enhanced with increasing the annealing temperatures and this can be attributed 
to the excellent charge separation and improved crystallites of the WO3/BiVO4 
nanoflakes annealed at 450 °C. The effect of light has been investigated for the similar 
annealing temperature, for example annealed at 200 °C, the achieved photocurrent were 
(0.106 mA/cm
2
) in the light compared to the dark (0.082 mA/cm
2
) at 0.5 V see Figure (35 
a) in appendix B, and this can be refer to the light impact on the photoanode. The 
aggregation of the crystal has a crucial impact on recombination rate of photogenerated 
electrons and this is direct proportion to the grain size of the crystal, the grain size of the 
metal oxides can enhanced with increasing annealing temperature due to the steady gene- 
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Figure 24: LSVP of WO3/BiVO4 nanoflakes annealed at 200 °C and 450 °C in the dark 
and light 
 
ration of bluk crystalliets of metal oxides at higher temperature. The life-time and 
quantity of photo-generated electrons are other crucial parameters in 
photoelectrochemical measurement. Photo-generated electrons in the crystallites are 
transported to the WO3/BiVO4 surface and aggregated on pt electrode, thus the 
photoelectrochemical process could accelerated on it. Therefore the photoelectrochemical 
activity in the WO3/BiVO4/Pt system affected by the recombination rate of the photo-
generated electrons in the WO3/BiVO4 crystallites. The large size of the crystals, are 
travelling long distances and this lead to quick recombination opportunity of photo-
generated electrons, and enhance the oxygen vacancy related defect, as well as it can 
consume the photo-generated electrons if annealed at higher temperature beyond 950 °C 
as Gang Xin et al reported [166]. The enhanced photocurrent of the WO3/BiVO4 
photoanode has been obtained by combing the advantage of the light harvesting of BiVO4 
and the efficiency of light conversion of WO3 [167]. As electron transported from BiVO4 
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to WO3 charge separation was enhanced dramatically. The valence and conduction band 
of WO3 is more positive in energy than those of BiVO4, which is facilitate such charge 
separation. Photo-generated holes from excited WO3 are transported into valence band of 
BiVO4, this in turn enhancing the charge separation of the WO3/BiVO4 hybrid 
semiconductor. Typically the recombination rate of h
+
 - e
-
 couples within BiVO4 
decreased. 
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Chapter 5 
Conclusions and Recommendations 
 
        In this thesis work we report the essential synthesis, fabrication, characterization and 
practical results of two (2) hybrid metal oxide nanoarrays ZnO/Ga2O3 and WO3/BiVO4 
thin films. The impact of various parameters are highlighted in the discussion. The 
texture, structural, optical and morphological properties of these photoanodes are 
investigated. The potential utilization of these metal oxides were attempted and 
demonstrated for future studies.  
5.1 Fabrication of ZnO/Ga2O3 thin film: 
 
        ZnO/Ga2O3 thin films were successfully synthesized and fabricated on ITO substrate 
in two steps via physical approach and hydrothermal method, from aqueous solution 
containing 0.03 M of ZnO and various amount of Ga2O3 at low temperature. The XRD 
analysis revealed that the synthesized materials have polycrystalline structure with 
orthorhombic system, High magnification FESEM illustrated well aligned nanorods on 
ITO substrate with hexagonal shape on the surface of the rods. The photoresponse of 
ZnO/Ga2O3 photoanode represented the activity toward oxygen evolution reaction for the 
photoanode. Chronoamperometry and linear sweep voltammetry potentiostatic showed 
the stability of the thin film versus photo-corrosion and the photocurrent increased 
gradually with increasing Ga2O3 amounts and dramatically by Gold (Au) coating 
regarding-less to Ga2O3 amounts. As future work and recommendations for ZnO/Ga2O3 
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thin film we recommend to perform nitradation or oxynitradation with complete 
investigation of photocatalytic activity. 
5.2 Fabrication of WO3/BiVO4 thin film:   
 
        Hetero-structure of WO3/BiVO4 nanoarrays were successfully synthesized and 
fabricated on ITO substrate in two steps via physical approach and hydrothermal method, 
from aqueous solution containing (0.137 M) of BiVO4 and (0.050 M) of WO3. The XRD 
analysis revealed that the synthesized materials have polycrystalline structure with 
tetragonal crystal system, low and high magnification FESEM illustrated flakes like 
shape have been fabricated on the entire ITO substrate. The photoresponse of 
WO3/BiVO4 photoanode represented the activity toward oxygen evolution reaction for 
the photoanode. Chronoamperometry and linear sweep voltammetry potentiostatic 
showed the stability of the thin film versus photo-corrosion and the photocurrent 
increased with the increasing of annealing temperature. As future work and 
recommendations for WO3/BiVO4 thin film we recommend to explore nitridation or 
oxynitridation with complete investigation of photocatalytic activity. 
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APPENDIX A 
 
 
 
 
Figure 25: a) FESEM and b) EDS analysis of ZnO Seeds 
0
1
2
3
4
5
6
7
O Si Zn Au
Weight %
a) 
b) 
74 
 
  
  
Figure 26: FESEM image at a, b) low and c, d) high magnification of 0.5 % ZnO/Ga2O3. 
2 % and 5 % ZnO/Ga2O3 nanorods respectively 
 
Figure 27: EDS analysis of ZnO/Ga2O3 nanorods 
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Figure 28: Raman spectrum of 0.5 %, 2 % and 5 % of ZnO/Ga2O3 nanorods 
 
 
Figure 29: a) UV - VIS and b) reflectance spectrum of pure ZnO and 0.5 %, 2 %, 5 % 
ZnO/Ga2O3 nanorods 
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Figure 30: PL measurement of 0.5 %, 2 % and 5 % of ZnO/Ga2O3 nanorods 
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Figure 31: LSVP of a) 2 % b) 5 % ZnO/Ga2O3 and c) 2 % ZnO/Ga2O3/Au in the dark and 
light 
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APPENDIX B 
 
 
 
Figure 32: EDS analysis of WO3 seeds 
 
  
Figure 33: FESEM image of WO3/BiVO4 nanoflakes at a) low magnification b) high 
magnification 
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Figure 34: a) Computational analysis b) Raman spectrum of WO3/BiVO4 nanoflakes 
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Figure 35: LSVP of WO3/BiVO4 annealed at a) 200 °C and b) 450 °C in the dark and 
light 
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